Understanding the behavior of a polyelectrolyte in confined spaces has direct relevance in design and manipulation of microfluidic devices, as well as transport in living organisms. In this paper, a coarse-grained model of anionic semiflexible polyelectrolyte is applied, and its structure and dynamics are fully examined with Brownian dynamics ͑BD͒ simulations both in bulk solution and under confinement between two negatively charged parallel plates. The modeling is based on the nonlinear bead-spring discretization of a continuous chain with additional long-range electrostatic, Lennard-Jones, and hydrodynamic interactions between pairs of beads. The authors also consider the steric and electrostatic interactions between the bead and the confining wall. Relevant model parameters are determined from experimental rheology data on the anionic polysaccharide xanthan reported previously. For comparison, both flexible and semiflexible models are developed accompanying zero and finite intrinsic persistence lengths, respectively. The conformational changes of the polyelectrolyte chain induced by confinements and their dependence on the screening effect of the electrolyte solution are faithfully characterized with BD simulations. Depending on the intrinsic rigidity and the medium ionic strength, the polyelectrolyte can be classified as flexible, semiflexible, or rigid. Confined flexible and semiflexible chains exhibit a nonmonotonic variation in size, as measured by the radius of gyration and end-to-end distance, with changing slit width. For the semiflexible chain, this is coupled to the variations in long-range bond vector correlation. The rigid chain, realized at low ionic strength, does not have minima in size but exhibits a sigmoidal transition. The size of confined semiflexible and rigid polyelectrolytes can be well described by the wormlike chain model once the electrostatic effects are taken into account by the persistence length measured at long length scale.
I. INTRODUCTION
When polyelectrolytes exist in confined spaces with either nano-or micrometer scale, they exhibit some or all different behaviors compared to the bulk solution due to interactions with the bounding surfaces. [1] [2] [3] Understanding this confinement effect has direct relevance in such research fields as microfluidics, lab on a chip, and manipulations in the micro total analysis system ͑TAS͒. It is also of fundamental importance in the biological science since many life phenomena involve transport of charged biopolymers in confined environment.
In general, confined polymers exhibit a transition from unperturbed three-dimensional ͑3D͒ behavior to that in reduced dimensions. 4, 5 Thus, Daoud and de Gennes scaling theory 4, 6 predicts that the end-to-end distance R E of a selfavoiding polymer with N monomers of size a scales as N 3/4 a͑a / W͒ 1/4 in a narrow slit with width W Ӷ R E bulk , in contrast with the bulk scaling R E bulk ϳ aN 3/5 . A more elaborate variational theory by Cordeiro et al. 7 provides the prefactor to the scaling relation and, moreover, identifies a crossover regime between the strong and weak confinements where the chain size assumes a minimum. The location of the minimum depends on the strength of the polymer-surface repulsion and corresponds to W / R E bulk ഛ 1. The same qualitative behavior has been observed in many different contexts such as lattice Monte Carlo simulations of a self-avoiding random walk chain between two parallel plates in dilute 8, 9 and semidilute 9,10 regimes, Monte Carlo study of a bead-spring model in random porous media, 11 and a self-consistent perturbation theory of self-avoiding polymers in a cylindrical pore. 12 This indicates that nonmonotonic chain size variation with the degree of confinement is a universal phenomenon for flexible neutral polymers regardless of the type of confinement. For a self-avoiding chain between two parallel plates, van Vliet et al. 8, 13 have shown that the confinement progresses in stages. As the slit narrows, the chain first orients itself so that its two longest axes are aligned with the walls, then contracts in all three principal directions, and finally, when W / R E bulk ഛ 1, expands in two directions parallel to the walls while contracting in the perpendicular direction.
The above behavior applies to intrinsically flexible chains with the persistence length l P Ϸ a / 2 or semiflexible chains at length scales much larger than l P . For a semiflexible ͑or wormlike͒ chain with larger l P , the finite flexibility needs to be taken into account. For a weakly confined chain in a pore with size D Ͼ l P , its dimension R scales as Na͑al P / D 2 ͒ 1/3 . 14 In contrast, we have R Ϸ R C ͓1−͑l D / l P ͒ /2͔
in the strong confinement limit with D Ӷ l P , where R C is the contour length and l D = ͑D 2 l P ͒ 1/3 is the deflection length originally proposed by Odijk. 15, 16 In the present work, we investigate the behavior of a single polyelectrolyte chain confined in slit channels formed by two parallel plates with width ranging from several tens to thousands nanometers. Polyelectrolytes are distinguished from neutral polymers by the presence of charged groups with long-range electrostatic interactions. Additional complication arises from the screening of electrostatic interaction by ions always present in aqueous solution. These aspects hamper or prevent a direct application of powerful scaling theories developed for neutral polymers, 17, 18 and it is usually necessary to consider more system-specific aspects such as the chain linear charge density, condensation of counterions and salt ions, the ionic strength of the solution, and Debye screening.
We first develop coarse-grained models of polyelectrolytes with polysaccharide xanthan 19, 20 as the model system. Although its structure remains to be fully elucidated, xanthan is generally accepted as a semiflexible polyelectrolyte at room temperature due to the double stranded structure with intrinsic persistence length of at least 100 nm. [21] [22] [23] [24] It has up to two ionizable carboxyl groups per repeat unit. To evaluate the effect of the intrinsic rigidity in addition to the stiffening due to electrostatic repulsion, two charged models with and without the angle bending potential are developed, representing the semiflexible and flexible polyelectrolytes, respectively. ͑In this paper, the term "semiflexible" is used to describe chains with nonzero persistence length. This includes chains with bending potentials and intrinsically flexible polyelectrolytes at low ionic strengths which have zero intrinsic persistence length but nonzero persistence length of electrostatic origin.͒ Based on a common first-order algorithm, 25 Brownian dynamics ͑BD͒ simulations of these models in bulk solutions and under confinement between parallel plates provide information on both conformational and dynamic behavior of a polyelectrolyte, especially including the confinement-induced changes. The strong influences of the medium ionic strength via the Debye-Hückel ͑DH͒ electrostatics and its interplay with the confinement effect are highlighted.
In the next two sections, the coarse-grained modeling of polyelectrolytes and the employed computational methods are described. The results of simulation are presented next for the bulk behavior and the changes due to confinement. These results are compared with predictions of the wormlike chain model, and conclusions are drawn in the final section.
II. COARSE-GRAINED MODELING OF XANTHAN POLYELECTROLYTE
We describe a polyelectrolyte molecule as a bead-spring chain with additional electrostatic, hydrodynamic, and Lennard-Jones ͑LJ͒ interactions between pairs of beads. Two models representing respectively an intrinsically flexible chain and an intrinsically semiflexible chain are developed. The flexible chain ͑model A͒ does not have the angle bending potential and thus its rigidity is solely due to the beadbead electrostatic repulsion, while the semiflexible chain ͑model B͒ includes the bending potential between neighboring bonds. The potential functions and parametrization procedure are described in the following.
For the spring, the finitely extensible nonlinear elastic ͑FENE͒ potential 26 is employed to reflect the nonlinear relationship between the chain stress and the variation of the shape, expressed as
where r i,i+1 is the distance between beads i and i +1, l 0 is the equilibrium bond length, and l max is the maximum bond length allowed. In the limit of large l max , E FENE is reduced to a harmonic potential with force constant k S .
The dispersion-repulsion interaction between beads are taken into account by the standard LJ potential
where parameters LJ and LJ are set equal to the Boltzmann thermal energy k B T and l 0 , respectively. The electrostatic interaction between beads are described by the DH potential
Here, q b is the bead charge, = ͑8l B N A I͒ 1/2 is the inverse Debye screening length defined in terms of Avogadro's number N A and ionic strength I, l B = e 2 / ͑4k B T͒ is the Bjerrum length ͑l B = 0.71 nm for water at T = 298 K͒, = r 0 is the dielectric constant of the medium defined in terms of relative dielectric permittivity r and vacuum permittivity 0 , and z b = q b / e is the bead charge in units of positive elementary charge e. The finite rigidity of the chain is modeled by the following harmonic bending potential:
where k A is the bending force constant and b i = ͑r i+1 − r i ͒ / ͉r i+1 − r i ͉ is the ith bond vector of unit size. The xanthan chain with molecular weight of 1.13 ϫ 10 6 g / mol ͑ϳ1220 monomers͒ has l P Х 120 nm and the contour length R C Х 580 nm at ionic strength I = 100 mM. 24 Considering the ratio R C / l P Ϸ 5, this chain can be regarded as a continuous wormlike chain. This is modeled as a discrete wormlike chain with 25 beads ͑N b =25͒, with about ten beads representing a Kuhn segment of length 2l P . This choice ensures a smooth persistence length variation with changing environmental conditions. The bead hydrodynamic radius a is chosen as 5 nm. This is close to the value ranging 3 -4 nm, which is determined by taking the experimentally estimated xanthan chain diameter of 2.2-4 nm ͑Refs. 22, 23, and 27͒ and then equating the volume of a cylinder of such diameter and 580 nm length to the volume of 25 beads.
In the flexible chain ͑model A͒, the bending potential is absent, and the spring and charge parameters k S , l 0 , l max , and q b are optimized with short BD simulations so that the chain in bulk solution reproduces experimental values of R C = 580 and 880 nm at ionic strengths I = 100 and 0.2 mM, respectively. Model B has a finite intrinsic rigidity and thus the persistence lengths at the same I can also be reproduced by additionally adjusting k A . The target values l P = 120 and 200 nm at I = 100 and 0.2 mM are taken from the previous results of Chun and Park. 24 The optimized model parameters are summarized in Table I . To reproduce a large change in R C with I solely from the bead-bead electrostatic repulsion, the spring is required to be very weak and the optimal spring constants found as k S = 2.5 and 3.0k B T / l 0 2 are quite small. We note that a similarly large change in R C ͑i.e., 450 and 1651 nm at I = 500 mM and in pure water, respectively͒ has been reported from atomic force microscopy study on dehydrated samples. 28 This extension of xanthan at low ionic strength is likely to involve a structural transition from double strand to a disordered form with lower strandedness. 28, 29 Thus, the weak spring constant employed here is not so much a signature of an entropic spring as a convenient way to take into account the large ionic strength dependence of xanthan contour length. The optimal bead charges q b of −30 and −35e, also shown in Table I , are ϳ30% of the maximum possible value of −98e for the bead composed of 49 ͑=1220/ 25͒ monomers. These lead to the contour distance per elementary charge l q ͓=R C / ͑N b z b ͔͒ of 0.77 and 0.66 nm for models A and B, respectively, with the aforementioned target contour lengths at high ionic strength. According to the Manning condensation, 17, 30 the minimum possible value of l q in the presence of monovalent counterions is the Bjerrum length l B ͑0.71 nm͒, in agreement with the above l q values within 10%. Therefore, the parametrized bead charges can be regarded as already reflecting the possibility of counterion condensation, and it is not necessary to explicitly consider counterions. Finally, the optimized angle bending force constant was determined as k A =4k B T. This yields l P =4b, where b indicates the average bond length, with the relation l P = bk A / ͑k B T͒ for a wormlike chain. [31] [32] [33] This is close to the simulation result, l P = 4.3b at I = 100 mM, if b = 2.4l 0 determined from the same BD simulation is used. In this regard, model B behaves like a wormlike chain at high I.
In addition to the potentials between beads, the simulation of a confined chain requires the specification of the bead-wall interactions. For the bead-wall steric repulsion, the following empirical potential 34 is used:
with k W = 2.5l 0 2 k B T. For the electrostatics, we employ the DH interaction of a point charge with two infinite charged plates ͑E WES ͒ as follows:
where W is the wall charge density, Z 0 is the half-width of the slit, and z i is the z coordinate of bead i with the z axis perpendicular to the walls and the origin at the center of the slit. This expression was obtained by solving the linearized Poisson-Boltzmann equation ͑i.e., DH approximation͒ with constant charge boundary condition at the walls. The approximation in the second relation above is valid because Z 0 Ͼ 10 in all cases studied here. The wall charge density W is chosen as −5.2ϫ 10 −4 C/m 2 , comparable to the estimation from the zeta potential at pH 7, −5.8ϫ 10 −4 and −1.03ϫ 10 −3 C/m 2 for polydimethylsiloxane and glass surfaces, respectively. 35 For simplicity, we do not consider ionic strength dependence of W .
III. COMPUTATIONAL METHODS
Note that the generalized Langevin equation provides the reference for the generation of molecular trajectories. The dynamics of the polyelectrolyte chain is described by the following BD equation of motion with account of the beadbead hydrodynamic interaction:
where D ij n is the Rotne-Prager diffusion tensor, F j n = −ٌE total ͑t n ͒ is the force on bead i at time step n, R i n is the random displacement due to the solvent, and ⌬t is the time step size. The hydrodynamic interaction between beads is described by the Rotne-Prager diffusion tensor
r ij a ͪI+ 3 32
where is the solvent viscosity and I is the 3 ϫ 3 unit tensor.
The distribution of R i n is Gaussian with zero mean and covariance ͗R i n R j n ͘ =2D ij n ⌬t. Integration time step ⌬t is chosen as 3.3 and 2.0 ns for models A and B, respectively. These values satisfy the condition 25 m 0 / ͑6a͒ Ӷ⌬t Ӷ 6a 3 / k B T ͑m 0 is the bead mass͒. In this study, the hydrodynamic inter- action between the wall and the beads is not taken into account. This does not affect structures, but the diffusion of confined chains will only reflect conformational contribution. Full description of the bead-wall hydrodynamic interaction will be the subject of future work. For a given condition, 20 independent BD trajectories are analyzed for each of more than 10 ms in length. Structural properties such as the chain radius of gyration R G , rootmean-square end-to-end distance R E , contour length R C , and persistence length l P are determined with the following formulas:
In these formulas, the position of the center of mass r c.m. , the average bond length b, the length of the nth bond b n , and the average contour distance between beads separated by n bonds s n are also introduced. It should be noted that the contour length R C defined above can vary with medium ionic strength due to variable screening of bead-bead electrostatic interactions. When the bond vector correlation decays exponentially on the entire length scale, l P n becomes independent of n. As described above, l P n provides a useful measure of the relative strength of the short-and long-range bond vector correlations. Although the above expression for l P n involves all 25 beads in the chain, two terminal beads on each end of the chain are excluded in actual analysis to remove the chain end effect.
The translational self-diffusion coefficient is calculated from the Einstein relation
To better reveal the effect of confinement on diffusivity, we consider only the two-dimensional diffusion coefficients D T 2D = ͑D T x + D T y ͒ / 2 both in bulk and under confinement. In practice, the limit t → ϱ on the right-hand side of Eq. ͑13͒ is replaced by t = 0.2 ms. The estimated error from this choice is less than 2% in bulk solution and less than 5% under confinement.
IV. RESULTS AND DISCUSSION

A. Properties in the bulk phase
The structure of polyelectrolyte chains depends sensitively on the medium ionic strength in bulk solution. Important structural parameters obtained from the simulation are summarized in Table II . Figure 1 depicts the radius of gyration R G , the ratio ͑R E / R G ͒ 2 , and contour length R C of each model in the bulk solution as a function of inverse Debye length . At larger than 0.5 nm −1 ͑I ജ 20 mM͒, the chain structure is nearly identical to that of the corresponding neutral chain. Due to the lack of intrinsic rigidity, model A exhibits a smaller size in this regime than model B. With ͑R E / R G ͒ 2 Ͻ 4 at large ͓Fig. 1͑b͔͒, model A is even more collapsed than the ideal Gaussian chain, which has ͑R E / R G ͒ 2 =6. 37 With decreasing , the chain begins to extend due to electrostatic repulsion and structural parameters of each model converge to that of a fully extended chain. For example, ͑R E / R G ͒ 2 = 9.5 and 9.7 for each model at = 0.01 nm −1 could be close to the value of 12 corresponding to the full extension. Figure 1͑c͒ shows the variation of R C with . The experimentally observed large increase of R C with decreasing ͑Refs. 24 and 28͒ is well reproduced by both models.
The medium ionic strength also strongly influences the persistence length. According to Fig. 2 and Table II, the distance-dependent persistence length l P n shows a modest increase until the Debye screening length −1 reaches 21 nm ͑I = 0.2 mM͒, close to the average bond length of 24 nm, then rapidly increases to ϳ1 m at −1 Х 100 nm ͑I = 0.01 mM͒. Qualitatively, the behavior of l P n is similar between models A and B, except for the difference in the starting value at small −1 ͑i.e., 0 and 105 nm for models A and B, respectively͒. In Table II , l P 15 of model A exhibits a nonzero value of 38.5 nm at I = 100 mM. However, l P n of this chain at other length scales are all zero except at n = 15 and 19, which is likely due to a noise in the bond vector correlation function arising from the highly flexible nature of the chain. Thus, the persistence length of model A at high I can be regarded as zero, reflecting the lack of bending potential. Model B well reproduces the experimental data 24 available at −1 ഛ 21 nm ͑I ജ 0.2 mM͒. We point out that l P n varies significantly with n at large −1 ͑small I͒, with larger value for larger n. For example, model B shows l P 1 = 534 nm and l P
15
= 1076 nm at the largest −1 ͓Fig. 2͑b͔͒, while they are identical for −1 ഛ 4.8 nm. Although not presented here, the persistence lengths for n ജ 10 are all virtually identical. Therefore, the electrostatic interaction strengthens the long-range bond vector correlation to a larger degree than the short length scale correlation, in qualitative agreement with the theoretical analysis of Barrat and Joanny. 17 Figure 2 also shows the theoretical predictions according to Odijk, Skolnick, and Fixman ͑OSF͒. 38, 39 Since the current models allow for changes in contour length, unlike the wormlike chain model employed in the OSF theory, we use the following expression:
where l P 0 is the intrinsic persistence length and the contour distance per unit charge l q is written explicitly in terms of the varying contour length R C . The resulting data in Fig. 2 demonstrate a fair overall agreement with the simulation results. In particular, the OSF theory agrees better with short-range l P 1 at −1 ഛ 21 nm ͑I ജ 0.2 mM͒, while at larger −1 , it is closer to the long-range value l P 15 . The self-diffusion coefficient provides additional important information on the chain structure as well as dynamics. In bulk solution, the full 3D diffusion coefficient is found to differ from the two-dimensional ͑2D͒ one with only x and y components by less than 2%, but this is significant in the evaluation of confinement effect on diffusion. Thus, to better compare the bulk diffusion with that of a confined chain, we focus on the 2D diffusion coefficient in bulk. Figure 3 
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Polyelectrolyte chains in confined spaces J. Chem. Phys. 126, 154904 ͑2007͒ ϳ6% of the single bead value D 0 at small . The large difference in D T 2D between two models at high can be attributed to the size difference shown in Fig. 1 . We note that the diffusion becomes more than three times slower without the Rotne-Prager hydrodynamic interaction, because the latter interaction enhances the collective motion of beads.
B. Effect of confinement on chain conformation and diffusion
In Figs. 4͑a͒ and 5͑a͒ , R G of confined chains, scaled by the corresponding bulk values, are plotted with varying slit half-width Z 0 for models A and B. They show a distinct minimum at Z 0 = 70-200 nm for model A as the medium ionic strength changes between 1 and 100 mM. For model B, a similar minimum in R G is found with its location varying in the range Z 0 = 150-300 nm as I changes from 0.2 to 100 mM. At smaller I ͑i.e., I = 0.01 and 0.2 mM for model A, and I = 0.01 mM for model B͒, the minima are suppressed and the chain exhibits a sigmoidal transition instead. As the medium ionic strength increases, the minima or transition points appear at a larger Z 0 . Very similar behavior is observed for the end-to-end distance R E , however, relative variations are larger ͑in this regard, see Fig. 10͒ . As plotted in Figs. 4͑b͒ and 5͑b͒, the behavior of ͑R E / R G ͒ 2 clearly shows that the influence of confinement is more severe for R E than for R G . Comparing this result with the bulk structural parameters in Table II , it is found that the minima or transitions in size appear when the slit width 2Z 0 is slightly larger than the bulk end-to-end distance R E at the same ionic strength. Thus, chain ends are first influenced by the confining walls, and their primary effect is to decrease R E and, to a lesser degree, R G . Although not studied here, the rotational diffusion of a confined chain would reflect this effect sensitively. As the channel further narrows down, the chain begins to extend rapidly until it converges to a 2D structure in the limit Z 0 → 0. We note that the reduction of structural parameters R G , R E , and ͑R E / R G ͒ 2 in Figs. 4 , 5, and 10 is most pronounced at high ionic strength and gradually disappears as I decreases ͑with one exception of model A at I = 100 mM, where the size parameters at the minimum are slightly larger than at I =4 mM͒. This suggests that the size- reducing effect of confinement is largest in the more flexible chains with small rigidity. This effect becomes less important as the chain rigidity grows with increasing I and disappears altogether in the rigid rod limit at high I. Confinement also affects the bond vector correlation and the persistence length. In Figs. 6 and 7 , the distancedependent persistence length l P n is shown for each model as a function of half slit width Z 0 . In general, l P n increases with decreasing Z 0 . However, as in the case of R G , this transition is not monotonic at intermediate to high ionic strengths. For example, Fig. 6͑a͒ shows a complete loss of long-range bond vector correlation ͑for n =15͒ and a small dip ͑for n =10͒ at Z 0 Х 200 nm and I = 1 mM. In contrast, short-range l P n ͑n =1,5͒, as well as all cases at low I ͓Fig. 6͑b͔͒, exhibit a sigmoidal transition without minimum. The absence of a minimum at low I has also been observed in other structural parameters in Fig. 4 . The semiflexible chain ͑model B͒ exhibits a similar nonmonotonic behavior of long-range l P n at high ionic strengths I = 100 and 1 mM ͓Figs. 7͑a͒ and 7͑b͔͒, while it assumes a sigmoidal behavior at low I ͓Fig. 7͑c͔͒. Comparisons of Figs. 5 and 7, as well as of Figs. 4 and 6 reveal that all three structural parameters, R G , ͑R E / R G ͒ 2 , and l P n , share the same location of minimum or sigmoidal transition. Figures 6 and 7 also show a large difference in l P n between the small and large Z 0 limits, with their ratio varying between 1.5 and 2. This is due to a structural transition from the bulk to the two-dimensional chain with significant stiffening. For a wormlike chain with bending potential alone, it has been known that the persistence length and the stiffness parameter k are related as l P =2k / ͓͑d −1͒k B T͔, where d is the system dimensionality. 33 For a fixed k, a strongly confined chain with 2D character is accordingly expected to have twice the persistence length of a 3D chain, close to the values found here. The large difference between the short-and long-range bond vector correlations, exhibited by the difference in l P n at large and small n and observed at small ionic strengths in the bulk solution ͑Fig. 2͒, is carried over to the confined situation. This is demonstrated by the ratio l P 15 / l P 1 as a function of Fig. 9͑b͒ show a similar behavior, except that D T 2D is now always greater than its bulk counterpart. At first glance, this enhanced 2D diffusivity is surprising because the chain becomes more extended with larger R G and ͑R E / R G ͒ 2 with decreasing wall separation ͑cf. Figs. 4 and 5͒. The only possibility seems to be the anisotropy in chain extension, where the cross-sectional area of a confined chain is different when projected to the plane perpendicular to the walls than when projected to the wall plane. If such a projected area is smaller than that in the free chain, the diffusion in the direction perpendicular to that plane would become faster, as observed here in semiflexible chains. The fact that enhanced diffusivity is not observed in flexible chains supports this explanation because, in flexible chains, the free chain already has a very small cross-sectional area with a high degree of compaction and therefore would yield a larger projected area no matter how much extended. From these considerations, we can conclude that the structural contribution to the hindered diffusion of a polymer chain is significant only with flexible chains and that confinement can actually enhance diffusion to a small extent in semiflexible chains. We emphasize that the present result does not take into account the hindrance to diffusion arising from the wall-bead hydrodynamic interaction. The present result shows that any hindered diffusion observed in semiflexible or wormlike chains would be solely due to such hydrodynamic interactions, while in flexible chains the structural and hydrodynamic effects can add up to slow down the diffusion of a confined polymer.
V. CONCLUDING REMARKS
We have developed coarse-grained chain models of intrinsically flexible and semiflexible polyelectrolytes with the anionic polysaccharide xanthan as the target system. BD simulations with the models in bulk solutions and under confinement in a slit channel between two parallel plates revealed an interesting crossover behavior from the 3D chain to a 2D one. Here, we make a brief analysis of the results in terms of existing theoretical formula for wormlike chains and summarize major findings.
Both in 2D and 3D spaces, the end-to-end distance of a wormlike chain is related to its contour length R C and the persistence length l P ͑Refs. 37 and 40͒ as follows: 
R E
However, as discussed earlier, l P of a 2D wormlike chain is twice that of a 3D chain and the resulting R E will be different. This suggests that Eq. ͑15͒ will hold both in the bulk and in the strong confinement limit if proper values of l P are supplied. Figure 10 compares R E from BD simulations and Eq. ͑15͒ at different ionic strengths as a function of the slit half-width Z 0 . As expected, the simulation and theoretical values evaluated with long-range l P 15 agree well with the simulation results in the large and small Z 0 limits. Moreover, the location of minima or transition at intermediate Z 0 is well reproduced although the depth of the minima is overestimated by the theoretical formula. On the other hand, the theoretical value with short-range l P 1 shows a poor agreement with the simulation. This clearly provides that structural transition of a confined polyelectrolyte is strongly coupled to the strength of the long-range bond vector correlation. It also tells us that the role of electrostatic interaction and medium ionic strength can reasonably be captured by the persistence length. In other words, once the variation in persistence length due to electrostatics is taken into account, the wormlike chain model is suitable for evaluating the size of semiflexible polyelectrolytes.
This study demonstrates that the nonmonotonic crossover behavior of an intrinsically flexible polymer [7] [8] [9] under confinement in a slit channel is carried over to semiflexible chains with intrinsic persistence length. Unlike flexible chains, however, semiflexible chains show a severe loss of long-range bond vector correlation in addition to the reduction in size at intermediate slit widths. Thus, for semiflexible chains, the structural transition upon confinement can be summarized as the following three-step process. Initially, the rotationally diffusing chain interacts with the approaching walls, mainly through its terminal beads, decreasing in size and simultaneously losing long-range bond vector correlation. This takes place when the slit width ͑2Z 0 ͒ becomes less than 1.5 times the end-to-end distance of the chain in bulk solution. Second, upon further confinement until 2Z 0 falls below R G , the chain begins to extend and the long-range persistence length is recovered. At this stage, the overall chain size becomes larger than in the bulk but is still smaller than that of a strongly confined chain. In terms of the bond vector correlation, this is the region where the long-range correlation increases while the short-range correlation has not yet responded, leading to a large ratio between the two. Finally, as the slit further narrows down, the short-range correlation begins to increase as well and the chain converges to a structure suitable in reduced spatial dimensions.
In the low ionic strength limit ͑I ഛ 0.01 mM͒, however, polyelectrolytes exhibit persistence lengths as large as their contour lengths and thus can be classified as rigid. For these rigid chains, the first step above, namely, the reduction in size and loss of long-range correlation, is not important and the structural transition becomes a two-step process beginning with the second stage above. A third class of chains ͑model A at I Ͼ 4 mM͒ does not have a well-defined persistence length and is flexible in nature. These chains follow the three-step transition similar to the process 8, 13 of van Vliet et al. without the variations of persistence length at long length scale.
A given polyelectrolyte chain will belong to one of the three classes of polyelectrolytes defined above, depending on the chain intrinsic rigidity, charges on chain, and medium ionic strength. Another factor that may influence the chain characteristics is the distance between beads. In the current models with 25 beads, the average bead-bead distance b lies between the Debye screening lengths at I = 0.2 and 0.01 mM. Therefore, the discrete nature of the model can potentially affect the chain rigidity around these ranges of ionic strength due to a possible discontinuity in the screening of electrostatic interaction. Although this aspect is not relevant to the FIG. 10 . Variation of the end-to-end distance of a semiflexible polyelectrolyte ͑model B͒ with the half slit width Z 0 . Results at ionic strengths of ͑a͒ 100 mM, ͑b͒ 1 mM, and ͑c͒ 0.01 mM are presented. Corresponding theoretical predictions according to Eq. ͑15͒ are also shown. The simulation results for the contour length R C and the persistence length l P n were used in the evaluation of R E in Eq. ͑15͒.
scope of the present study, it needs to be carefully examined if a precise boundary is to be drawn between the semiflexible and rigid regimes of polyelectrolytes.
